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PROBLEM TO BE SOLVED: To provide a 

surface-emitting semiconductor laser which can 

operate at a high speed of >=10 Gb/s and an optical 

module. 

SOLUTION: The surface-emitting semiconductor 
laser has at least an active layer area 105 which 
generates light, a current constricting area 107 
which is arranged on one side of the area 105 
opposite to a semiconductor substrate 102, an 
optical resonator which is constituted by 
sandwiching the active layer area 1 05 and current 
constricting areas 107 with reflecting mirrors from 
the top and bottom sides in the direction of 
lamination of semiconductor layers, a first electrode 
provided on the substrate 102 side of the current 
constricting area, and a second electrode provided 
on the side opposite to the substrate 102 on the 
semiconductor substrate 102. The laser also has a 
semiconductor layer area having a laminated 
structure, which can generate two-dimensional 
carriers between the current constricting area 107 
and the second electrode. 
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[0001] 1. Field of the Invention 

[0002] This invention concerns a surface emitting laser device having a vertical cavity, and an optic; 
module and an optical system using the same. 
[0003] 2. Statement of the Related Art 

[0004] Along with explosive increase of internet users in recent years, high speed information transr 
has been demanded urgently in local area networks (LAN) such an in offices. It is expected that 
transmission rate at Gb/s level for end users and in excess of 10 Gb/s level for backbones connecting 
between each of HUBs will be required in these 5 to 10 years. Therefore, it is considered that entire 
introduction of optical communications using optical fibers as far as end users is necessary in the nej 
future. Usually, for optical communication, semiconductor lasers, photo-detectors and optical modul 
incorporating driving circuits therefor are used. In optical modules to be used in the future LAN, it it 
indispensable to provide them at a reduced cost considering that they are used by a great number of i 
in addition to the foregoing requirement in view of the performance that high speed transmission in < 
of 10 Gb/s is possible. 

[0005] FIG. 1 shows a schematic view for a high speed optical module in excess of 10 Gb/s known s 
[0006] There are shown a semiconductor laser device 401, a laser driving circuit 402, an external 
modulator 403, a TEC (Thermo Electric Cooler) for stabilizing the temperature for the device 404, a 
photodetector 405, a photodetector driving circuit 406, an entire optical module package 407, an ext< 
circuit 408 for operating an optical module, and an optical fiber 409. The optical module generates a 
beam from the semiconductor laser device 401 in accordance with the external circuit 408. The high 
modulated light in excess of 10 Gb/s is transmitted through the external modulator 403. Further, opti 
signals transmitted from a mating optical module is received by the photodetector 405. All the optic; 
signals are transmitted and received through the optical fiber 409. As the semiconductor laser device 
edge emitting laser using gallium indium phospho arsenide (GalnPAs) series semiconductor materia 
the active layer is mainly used. The laser beam wavelength is at 1 .3 [mu]m or 1 .55 [mu]m applicable 
single mode fiber capable of long distance and high speed transmission. 

[0007] Generally, the GalnPAs series laser has a drawback that a threshold current increases remark, 
when a device temperature increases. Accordingly, it has been necessary to incorporate the temperat 
stabilizing thermoelectric cooler. As described above, the number of parts constituting the optical m« 
is large and, therefore, the size of the module is large and the cost of the optical module itself is expe 
This has a close concern with that the existent level of transmission rate of 10 Gb/s has been mainly 
in trunk transmission networks in which more importance is attached to performance than the cost. I 
of the above, existent 10 Gb/s optical module is not essentially suitable for the application to future J 
which require cost reduction. The dotted lines in the drawing denote partitioning between the light 
transmission side in which a semiconductor laser device is disposed and a light receiving side in whi 
photodetector is disposed, and each of the portions may sometimes be constituted as optical transmit 
module and the optical receiving module independently. Further, in the drawing, the photodetector f 
optical output monitor of semiconductor laser device is omitted. 

[0008] On the contrary, a surface emitting laser has attracted attention as a light source suitable to hi 
speed optical module used for future LANs. The surface emitting laser has a cavity length of as smal 
several [mu]m which is much shorter compared with the cavity length (several hundreds [mu]m) of t 
edge emitting laser and is basically excellent in high speed characteristics. Further, it also has excell 
features in that (1) the beam shape is nearly circular which is easily coupled with an optical fiber (2) 
cleaving step is not necessary in the production step and device check is possible on the wafer unit a 
it conducts laser oscillation at a low threshold current and consumes less electric power to reduce tht 
Further, also as for the lasing wavelength, lasing operation at 1.3 [mu]m range by using new 
semiconductor materials which can be formed on a gallium arsenide (GaAs) substrate such as of gal] 
indium nitrogen arsenide (GalnNAs) or gallium arsenic antimonate (GaAsSb) have been reported 
successively in recent years. 

[0009] For the semiconductor laser devices, it has been expected more and more for practical surface 
emitting laser in a long wavelength range adaptable to a single mode fiber capable of long distance a 
high speed transmission. Particularly, it is expected that when GalnNAs is used for the active layer, 
electrons can be confined in a deep potential well in the conduction band and the stability of the 
temperature characteristics can also be improved drastically. It has been expected for the long wave 
surface emitting laser device using GalnNAs as the active layer that it can provide an optical moduk 
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high performance, at a reduced cost and suitable to use in LANs based on the foregoing advantages. 
[0010] The surface emitting laser basically comprises an active layer for generating light, a current 
confinement layer for injecting current to a minute region of the active layer and an optical cavity 
comprising a pair of reflectors disposed so as to vertically put the active layer therebetween. Usually 
semiconductor Distributed Bragg Reflector (DBR) is used for the reflector and the current is injectec 
way of a semiconductor DBR layer into the active layer. 

[001 1] On the other hand, since the semiconductor distributed Bragg reflector (DBR) has high resist 
surface emitting laser of a different structure in which current is injected not by way of the reflector 
also been studied. An example is a surface emitting laser as described in Japanese Patent Laid-Open 
1 1-204875 (laid-open on Jul. 30, 1999). FIG. 2 shows a device structural view in which are shown a 
electrode 501, a semiconductor substrate 502, a lower DBR 503, a first spacer layer 504, an active la 
505, a second spacer layer 506, a current confinement layer 507, a current induced layer 508, a third 
layer 509, an upper electrode 510 and an upper DBR 51 1. Since the upper electrode 510 is disposed 
side of the upper DBR 511, the induced current from above is introduced from the third spacer layer 
through the current induced layer 508 to the aperture restricted by the current confinement layer 507 
then introduced into the active layer 505. That is, since the current is induced not by way of the uppc 
511, the device resistance can be reduced. Further, in this structure, the current induced layer 508 wi 
increased doping concentration is adopted intending to reduce the resistance to the horizontal direct* 
relative to the substrate between the electrode and the aperture (hereinafter referred to as a resistance 
lateral direction). 

OBJECT AND THE SUMMARY OF THE INVENTION 

[0012] This invention intends to provide a surface emitting semiconductor laser device capable of hi 
speed operation. High speed operation, for example, above 10 Gb/s is attained in accordance with th 
invention. 

[0013] This invention further intends to provide a surface emitting semiconductor laser device capat 
high speed operation and reduced in the cost. 

[0014] This invention further provides an optical module mounting the surface emitting semiconduc 
laser device capable of higher speed operation. 

[0015] For coping with such technical subjects, it is necessary to overcome the foregoing problems i 
surface emitting laser. At first, a surface emitting laser device structure capable of injecting current t 
active region not by way of an upper DBR of high resistance should be adopted. For this purpose, it 
necessary to provide a new method capable of reducing the resistance in the lateral direction of the c 
passing from the electrode through the aperture and injected into the active region and attain a drasti 
reduction of the device resistance to about 10 [Omega]. 

[0016] A typical embodiment of this invention resides in a surface emitting laser device at least 
comprising, on a semiconductor substrate, an active region for generating light, a current confinemei 
region disposed on the side opposite to the semiconductor substrate while putting the active region 
therebetween, an optical cavity comprising reflectors putting the active region and current cohfinemi 
region vertically therebetween in the layering direction of the semiconductor layer, a first electrode 
disposed on the side of the semiconductor substrate and a second electrode disposed on the side opp< 
the semiconductor substrate while putting the current confinement region therebetween, and having 
semiconductor region having a layered structure capable of forming 2-dimensional carriers between 
current confinement region and the second electrode. 

[0017] The semiconductor region having the layered structure capable of forming the 2-dimensional 
carriers is preferably adapted for the purpose of this invention, particularly, so-called to be modulati< 
doped structure That is, the second embodiment of this invention is a surface emitting laser device h. 
on a semiconductor substrate, an active region for generating light, a current confinement region dis] 
on the side opposite to the semiconductor substrate relative to the active region, an optical cavity 
comprising reflectors putting the active region and the current confinement region vertically therebei 
in the direction of layering the semiconductor layer, a first electrode disposed on the side of the 
semiconductor substrate relative to the current confinement region and a second electrode disposed < 
side opposite to the semiconductor layer relative to the current confinement region, and having a lay 
structure capable of forming 2-dimensional carriers between the current confinement region and the 
electrode and the semiconductor region having the layered structure capable of forming the 2-dimen 
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carriers has at least a first semiconductor layer containing impurities at high concentration and havin 
wide band gap and a second semiconductor layer containing impurities at a concentration lower than 
of the first semiconductor layer or substantially not containing impurities and having a band gap nan 
than that of the first semiconductor layer. 

[0018] The semiconductor region having the layered structure capable of forming the 2-dimensional 
carriers provide the effect thereof so long as it is present in at least a portion between the current 
confinement region and the second electrode. In the example to be described later, the semiconducto 
region having the layered structure capable of forming the 2-dimensional carriers is formed substant 
over the entire surface of the substrate surface. More actual embodiment in the practical production i 
explained but it is important that the layered structure capable of forming the 2-dimensional carriers 
present in a current path between the current confinement region and the second electrode. In the otfc 
point of view, a region having a layered structure capable of forming the 2-dimensional carriers com 
a main portion of the current channel. Accordingly, it is not always necessary to form a layered struc 
capable of forming the 2-dimensional carriers entirely for the surface in parallel with the substrate si 
Further, other semiconductor layer may be further disposed between the layered structure capable of 
forming the 2-dimensional carriers and the current confinement region. Also in this case, the effect t 
disposing the layered structure capable of forming the 2-dimensional carriers can also be obtained. 
[0019] As described above, in the basic constitution of this invention in which a current flowing fror 
electrode disposed on the side opposite to the substrate relative to the current confinement region ha: 
horizontal component relative to the substrate, the current component in the horizontal direction is 
conducted mainly by way of the 2-dimensional carrier gas channel. Specifically, it is attained by a si 
emitting laser device wherein the 2-dimensional carrier gas channel is formed of a modulation dope 
structure in which at least one kind of high concentration dope layer comprising a semiconductor of 
band gap and at least one low concentration dope layer comprising a semiconductor with a narrower 
gap than that (the low concentration dope layer may also include the case of not applying doping) ar- 
located in at least a portion between the electrode and the current confinement region. 
[0020] For attaining the main purpose of this invention as described above, reduction of the resistam 
the surface emitting laser device due to p-type conduction is intended and a 2-dimensional hole gas i 
as the carriers is used. 

PREFERRED EMBODIMENT OF THE INVENTION 

[0021] The basic constitution of this invention is as has been described above and main preferred 
embodiments of this invention will be set forth below. 

[0022] A first embodiment according to this invention is a surface emitting laser device having, on a 
semiconductor substrate, an active region generating light, a current confinement region disposed on 
side opposite to the substrate relative to the active region and an optical cavity comprising reflectors 
putting the active region and the current confinement region vertically therebetween, in which the ci 
flowing from the electrode disposed on the side opposite to the semiconductor substrate relative to tl 
current confinement region has a horizontal component relative to the surface of the substrate and th 
current component in the horizontal direction flows mainly by way of the channel for 2-dimensional 
gas. 

[0023] The second embodiment of this invention is a surface emitting laser device as defined in the j 
embodiment, wherein the 2-dimensional carrier gas channel is formed of a modulation dope structur 
which at least one kind of high concentration dope layer comprising a semiconductor of wide band g 
at least one kind of low concentration dope layer comprising a semiconductor with a narrow band ga 
that (also including a case of not applying doping) are located in at least a portion of the electrode ar 
current confinement region. 

[0024] A third embodiment of this invention is a light emitting laser device as defined in the second 
embodiment wherein absorption of the laser wavelength beam by the modulation dope structure is k 
than 1%, and the modulation dope structure is disposed including the inside of the cavity through wl 
the beam travels. Even when the modulation dope structure is incorporated in the optical cavity, it c£ 
driven sufficiently in the same manner as usual surface emitting laser device so long as the absorptic 
the laser beam in the structure is less than 1%. Such a problem of laser beam absorption can natural! 
avoided by disposing the modulation dope structure to the outside of the optical cavity as exemplifie 
below. 
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[0025] A fourth embodiment according to this invention is a surface emitting laser device as defined 
Embodiment 2, wherein the modulation dope structure is disposed to the outside of a light propagati: 
cavity. 

[0026] A fifth embodiment according to this invention is a surface emitting laser device as defined ii 
one of Embodiment 1 to 4, wherein the high concentration dope layer in the modulation dope structi: 
p-type and 2-dimensional carrier gas is comprises holes. 

[0027] A sixth embodiment according to this invention is a surface emitting laser device as defined i 
one of Preferred Embodiments 2 to 5, wherein AlGaAs, AlGalnP or layered structure thereof is used 
high concentration dope layer, and GaAs, GalnAs or layered structure thereof is used for the low 
concentration dope layer. The group III-V compound semiconductor materials set forth here are mat 
extremely suitable to the practice of this invention. Such materials can easily form high quality layei 
GaAs substrate capable of easily providing excellent characteristic with a view point of the surface 
emitting laser device. 

[0028] Prior to explanation for more preferred embodiments, details for basic concept of this inventi 
to be additionally explained. 

[0029] Prior to the description for concrete embodiments, details for the basic concept of this inventi 
additionally explained. 

[0030] For attaining an optical module having a high speed operation characteristic in excess of 10 C 
is naturally necessary to attain high speed characteristic in excess of 10 Gb/s in a surface emitting la: 
used as a light source. For this purpose, it is indispensable to reduce the resistance (R) the capacitam 
of the surface emitting laser device. 

[0031] Generally, the basic modulation characteristic of a semiconductor laser device is evaluated 
modulation frequency at which the optical output of the device is lowered by 3 dB (hereinafter simp 
referred to as f3 dB). Then, f3 dB is represented by using R and C in accordance with the following 
equation (1) 

[03 1"] f3 dB=l/(2[pi]RC) (1) 

[0032] The fact described above is explained, for example, in Advanced Optoelectronic Series "Foui 
and Application of Surface Emitting Laser", page 184, written by Kenichi Iga and Fumio Koyama, 
published from Kyoritsu Shuppan. 

[0033] From the equation (1) above, it is understood that the device resistance should be reduced to ; 
10 [Omega] in order to attain several 10 Gb/s for f3 dB of the device. In this case, the capacitance oi 
surface emitting laser device is assumed to 500 fF as a general value. If the device capacitance can f 
be reduced, the allowable amount for the device resistance can be increased, for example, 10 [Omeg 
more but it would be appreciated that reduction of the resistance is important also in this case. Furth< 
device resistance of about 1 10 is a low value comparable with that of the edge emitting laser and, if 
be attained, laser driving circuits and the like used so far in the edge emitting laser are applicable. In 
case, new development cost is not required, which is advantageous in the reduction of the cost for th 
optical module using the surface emitting laser device according to this invention. 
[0034] <Comparative Discussion with Prior Art> 

[0035] As has been described previously, a reflector comprising AlAs/GaAs series semiconductor m 
layered film (DBR) has been used mainly in the surface emitting lasers. In the existent device, an ek 
is disposed on the DBR comprising a p-type AlAs/GaAs and current is injected through the DBR int 
active layer. In this instance, there is a problem that the energy difference at the hetero interface of a 
AlAs/GaAs series semiconductor provides a large resistive ingredient for holes of heavy effective m 
increase the device resistance. As a countermeasure, it has been attempted, for example, to introduce 
AlGaAs semiconductor layer of gradually changed content to the AlAs/GaAs hetero interface, apply 
doping only on the AlAs side thereby decreasing the resistive ingredient at the hetero interface. How 
since the resistance of the p-type AlAs/GaAs series semiconductor DBR is essentially high, it is diff 
attain drastic reduction of the device resistance. 

[0036] On the other hand, the surface emitting laser described in Japanese Patent Laid-Open Hei 11- 

204875 (laid-open on Jul. 30, 1999) described previously is to be studied. This example has a structi 

injecting current not by way of an upper p-type semiconductor DBR of high resistance. 

[0037] The resistance to the lateral direction is in proportion with the sheet resistance (Rc). Rc is 

represented by the following equation (2). 

[037"] Rc=l/(Nse[mu]) (2) 
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[0038] wherein Ns represents a sheet-carrier concentration, e represents an elementary electric charg 
[mu] represents a layer mobility and t represents the thickness of the layer. Ns is represented as a pre 
of carrier concentration (p) and the mobility ([mu]) of the layer (Ns=p[mu]). 



DESCRIPTION OF ACCOMPANYING DRAWINGS 

[0039] FIG. 1 is a schematic explanatory view illustrating an example of an existent optical system; 
[0040] FIG. 2 is a cross sectional view illustrating an existent example of a surface emitting laser de 
[0041] FIG. 3 is a cross sectional view illustrating an example of a surface emitting laser device acc< 
to this invention; 

[0042] FIG. 4 is an upper plan view illustrating an example of a surface emitting laser device accord 
this invention; 

[0043] FIG. 5 is a cross sectional view illustrating another embodiment of a modulation dope layer; 
[0044] FIG. 6 is a graph illustrating a thickness of a modulation dope layer according to this inventk 
a resistance value in the lateral direction; 

[0045] FIG. 7 is a graph illustrating a relation between a film thickness of a modulation dope layer a 
reflectivity in a reflector according to this invention; 

[0046] FIG. 8 is a perspective view illustrating an example of an optical module; 

[0047] FIG. 9 is a schematic perspective view illustrating an example of an optical system; 

[0048] FIG. 10 is a cross sectional view illustrating an example of a manufacturing step for a surface 

emitting laser device according to this invention; and 

[0049] FIG. 1 1 is a cross sectional view illustrating another example of a surface emitting laser devi< 
according to this invention. 

[0050] In the existent device shown in FIG. 2 described above, a usual semiconductor film is used fc 
current induced layer 508. In the semiconductor film, there exists a trade off relation that when carri< 
concentration p (that is, sheet-carrier concentration Ns) increases, scattering factor depending on the 
doping material or the like increases and [mu] is lowered. Accordingly, the existent structure shown 
FIG. 2 can not attain remarkable reduction of the device resistance unless high concentration doping 
1*10<20 >cm<-3 >or higher is applied. Furthermore, for burying the current confinement layer 507 
the current-induced layer 508 in the device, regrowth process is required additionally. When the thir« 
spacer layer 509 is regrown, if the step at the aperture after removing the current confinement layer ; 
and the current induced layer 508 is large, undesired effects are provided in that the facet is formed t 
step and extends to the aperture of only several [mu]m diameter. According to the estimation, 300 ni 
more of the step in the thickness is caused upon attaining the device resistance of about 10 [Omega] 
structure. Accordingly, with a view point of crystal growth as described previously, it is considered 1 
difficult to attain the aimed device resistance value. 
[0051] <Typical Embodiments of this Invention> 

[0052] Embodiments of this invention free from the difficulties in the examples described above are 
explained more in details. FIG. 3 shows a cross sectional view of a device structure according to this 
invention. In this case, a so-called modulation dope layer 1 1 1 is specifically shown being enlarged o 
left of the drawing. FIG. 4 is an upper plan view thereof. 

[0053] In FIG. 3, are shown a lower electrode 101, a semiconductor substrate 102, a lower DBR 103 
first spacer layer 104, an active region 105, a second spacer layer 106, a current confinement layer 1 
third spacer layer 108, an upper electrode 109, an upper DBR 1 10, a modulation dope layer 1 1 1, a hi 
concentration dope layer 1 12, and a low concentration dope layer 113. The layer 1 13 is not applied \* 
doping depending on the case and reference numeral 113 also may include such a layer. A method o 
forming the current confinement layer 107 may be in accordance with the usual method. An example 
be described later. 

[0054] For the modulation dope layer, a constitution adopted in the relevant field of the art may be u 
Concrete specifications for the layer is selected, for example, by required specifications to the select 
the III-V group compound semiconductor materials and the laser characteristics, and typical exampli 
thereof are as shown below. For example, in the surface emitting laser device using GaAs as the sub 
a typical example of the high concentration dope layer is, for example, AlGaAs, AlGalnP or a comb 
structure thereof. For the high concentration dope layer, a thickness of 50 nm or less, preferably, 10 
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less and the doping amount, for example, of 5*1 0< 18 >cm<-3 >or more are often used. On the other 
for the low concentration dope layer, typical example is, for example, GaAs, GalnAs or a combinrd 
structure thereof For the low concentration dope layer, a thickness of 100 nm or less and a doping a: 
for example 5*10<17 >cm<-3 >or less are often used. 

[0055] In the modulation dope layer 111, carriers supplied from the high concentration dope layer 1 : 
flow through the channel for 2-dimensional carriers of high mobility formed at the interface betweer 
high concentration dope layer 112 and the low concentration dope layer 1 13, on the side of the low 
concentration dope layer. Accordingly, the carrier concentration p can be increased by increasing tht 
doping amount in the high concentration dope layer in which the mobility [mu] is scarcely lowered. 
Accordingly, the values for respective carrier concentration p and the mobility [mu] can be set to hig 
values independently of each other. Therefore, as can be seen from the equation (2) above, Rc can b< 
reduced remarkably. 

[0056] In the existent device shown in FIG. 2, when the thickness of the current induced layer is dou 
only the twice resistance reducing effect can be obtained simply. However, in this invention, since 
channels for the two dimensional carriers are formed by the number of three to the hetero interface v 
the modulation dope structure is repeated for two periods, an effect of more than simply doubling thi 
can be obtained. For the repetitive number of periods for the modulation dope structure (s), the numl 
channel formed is (2s- 1) and the obtained effect is greater as the number of repetitive periods of the 
modulation dope structure increases. Based on the effect described above, the resistance to the latera 
direction of the emitting laser device can be reduced remarkably by using the structure according to 
invention. The repetitive periode(s) for the modulation dope structure is determined depending on th 
doping concentration and considering the extent of lowering of the reflectivity of DBR. 
[0057] In the device structure according to this invention, current injected from the upper electrode 1 
passed through the aperture formed in the current confinement layer 107 and is injected to the active 
region. The current in this case has a component in the horizontal direction relative to the substrate s 
In this case, the current component in the horizontal direction flows by way of the 2-dimensional cai 
channel at low resistance formed by the modulation dope layer. For injecting the carriers reaching at 
the aperture to inject into active region, it is somewhat necessary that the carriers are conducted in th 
vertical direction relative to the substrate surface. However, in this invention, since the thickness of 1 
high density doping layer with wide band gap as the barrier to the carriers is as thin as 50 nm or less, 
since an electric field due to the voltage difference is applied between the upper and the lower electr- 
there is scarce possibility that particularly large resistance component is added. 
[0058] FIG. 6 shows an example of a resistance in the lateral direction of a device attainable in accoi 
with this invention. It may be considered that the resistance of this device structure is mainly domim 
the resistance to the lateral direction. In FIG. 6, the thickness of the modulation dope layer is express 
the abscissa, while the resistance value in the lateral direction of the layer is indicated on the ordinat. 
structure of the modulation dope layer comprises p-type aluminum gallium arsenide (AlGaAs, 5 nm 
thickness) as the high concentration dope layer and a non-doped GaAs (film thickness 25 nm) as the 
concentration dope layer. Accordingly, the thickness of the minimum unit structure forming one cha 
30 nm. This is an example of calculation for the two types of 1*10<19 >cm<-3 >and 1*10<20 >cm< 
the p-type doping concentration of the high concentration dope layer. In this case, it is estimated thai 
sheet carrier concentration of holes are 1*10<13 >cm<-2 >and 1*10<14 >cm<-2>, respectively, and 
hole mobility in the 2-dimensional channel is 500 cm<2>/Vsec. It can be seen from FIG. 6 that resis 
in the lateral direction of 10 [Omega] or less can be attained in a case of the carrier concentration at 
1*10<19 >cm <3 >of the high concentration dope layer if the thickness of the modulation dope layei 
about 300 nm or more. On the other hand, when the carrier concentration of the high concentration c 
layer is 1*10<20 >cm<3>, a further reduction of the resistance is possible and a resistance in the late 
direction of 10 [Omega] or lower can be attained at a thickness of about 50 nm. 
[0059] Then, additional description will be made to the constitution of the reflector and the current 
confinement layer. Also in this invention, customary techniques used so far may be used for them. 
[0060] As has been described above, the length of the optical cavity of the light emitting laser is 
remarkably short, and it is necessary to extremely increase the reflectivity of upper and lower reflect 
order to reduce the threshold current value upon lasing operation. For obtaining a threshold current \ 
served for practical use, it is necessary to provide a reflectivity of about 99.5% or more. 
[0061] As the reflector, a DBR formed by alternately stacking two kinds of semiconductors of differ 



file://C:¥Documents%20and%20Settings¥*S¥My%20Documents¥EPOV3¥JP2002... 2004/04/19 



8/14^— v 



refractive indexes at [1/4] wave length thickness ([lambda]/4n: [lambda] represents wavelength and 
representing refractive index of the semiconductor material) has mainly be used. For the two kinds o 
semiconductor materials used for the DBR, it is desirable that the difference of the refractive index 
between both of them is as large as possible so as to obtain a high reflectivity with a small number o 
stacking periods. Further, when the material comprises semiconductor crystals, it is preferably lattic< 
matched with the substrate material for suppressing missfit dislocations. At present, DBRs constitute 
GaAs/aluminum arsenic (AlAs) series semiconductor material or dielectric material such as silicon c 
(Si02)/titanium dioxide (Ti02) is used mainly. Further, the current confinement layer is essential fo 
reducing the threshold current of the device and forming a single mode, which is located at an optioi 
position between the active layer and the current injecting electrode and serves to restrict the current 
injected to the active layer to a minute region of several [mu]m to several tens [mu]m (hereinafter re 
to as aperture). Specifically, a method of selectively oxidizing AlAs layer introduced into the device 
structure from the lateral direction and converting it into an aluminum oxide (AlxOy) dielectric laye: 
thereby confining the current only within the minute AlAs region left at a central portion and a meth 
confining the current by burying a semiconductor material with a large band gap or a material doped 
conduction type opposite to the conduction type in the device into the device are predominant at pre: 
[0062] Then, considering that the lasering wavelength of the laser beam is a 1 .3 [mu]m, absorption c 
at wavelength of 1.3 [mu]m by the modulation dope layer was examined. FIG. 7 shows an example < 
thickness of the modulation dope layer and the change thereby of the reflectivity of the reflector thei 
The structure of the modulation dope layer is identical with that of the example in FIG. 6. the abscisi 
represents the thickness of the modulation dope layer and the ordinate represents the reflectivity of tl 
DBR reflection film. Absorption of light at a wavelength of 1.3 [mu]m mainly occurs in the p-type h 
concentration dope layer. This is calculated for the cases of the p-type dope concentration at 10*10< 
cm><-3 >and 5*10<19 cm><-3 >and 1*10<20 >cm<-3 Respectively. Values for the absorption 
coefficient under each of the conditions are 100 cm<-l>, 500 cm<-l >and 1000 cm<-l >respectiveh 
has been described previously, a reflectivity of 99.5% or higher is necessary for ensuring high perfoi 
laser characteristic in the surface emitting laser. 

[0063] As can be seen FIG. 7 that the critical thickness is about 600 nm for the p-type doping 
concentration 1*10<19 >cm<-3 >and about 150 nm for the p-type concentration 600 nm, for ensurin 
reflectivity. 

[0064] Accordingly, considering the results of FIG. 6 and FIG. 7 together, it has been found that the] 
problem in this invention even when the modulation dope layer is disposed in the cavity upon attaini 
device resistance of about 10 [Omega] in view of the absorption of the laser beam. 
[0065] Thus, the growth process which was indispensable in the existent structure, for example, sho 1 
FIG. 2 is no more necessary in the structure of this invention and the entire device structure can be 
obtained by the crystal growth for once. Accordingly, by the use of the structure according to this 
invention, since the yield is high upon manufacture of the device, a remarkable reduction of the cost 
attained. 

[0066] On the other hand, if it is intended to completely avoid absorption of light by the high concer 
dope layer, the modulation dope structure may be disposed out of the cavity. While the regrowth pro 
necessary in this case, the step of the film thickness step formed at the aperture can be decreased tha 
in the existent method shown in FIG. 2 and problems due to regrowth less occurs. 
[0067] For further obtaining a greater effect in this invention, it is effective to increase the sheet can- 
concentration Ns. For this purpose, it is effective to insert a semiconductor material, for example, ga 
indium arsenide (GalnAs) of narrow band gap as a low concentration dope layer to the AlGaAs/Ga^ 
interface constituting the modulation dope structure. That is, it is effective to make the modulation d 
structure as a plural semiconductor layered structure. This can increase the channel width (thickness 
dimensional carriers to increase the sheet concentration Ns. FIG. 5 shows an example of a cross sect 
view of a modified modulation dope layer, in which are shown a high concentration dope layer 112, 
concentration dope layer 113 and a low concentration dope layer 1 14 of narrow band gap. 
[0068] Considering the forogoings, this invention is applicable also to a surface emitting laser struct 
wavelength of 1 [mu]m or less. In this case, for suppressing the absorption of the laser wavelength b 
is necessary to select the semiconductor material constituting the modulation dope structure from th< 
having a larger band gap than the photon energy at the laser wavelength beam. For example, AlGaA 
AlGalnP of high Al content is suitable. 
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[0069] FIG. 8 shows a perspective view of an optical module. FIG. 9 shows a constitutional view of 
optical system using a surface emitting laser according to this invention. In FIG. 8 and FIG. 9, a surf 
emitting laser device 301 according to this invention, a laser driving circuit 302, a photodetector 303 
photodetector driving circuit 304, an entire optical module package 305, an external circuit 306 for 
operating the optical module, and an optical fiber 307 are shown. The surface emitting laser device 2 
and the photodetector 303 are held on a frame 309. Each of the driving circuit and the like in the opt 
module package is connected at 308 to an external circuit. Arrows 310 and 311 represent emission a 
incidence of light respectively. 

[0070] The surface emitting laser according to this invention generates less heat and fluctuates less i 
temperature of the device itself since the device resistance is low. In addition, change of the threshol 
current value during use is extremely decreased also in cooperation with the reduction of the thresho 
current value of the surface emitting laser itself. This can eliminate the use of a thermoelectric coole: 
required in the existent high speed optical module. Further, the device can be driven by a small and 5 
circuit. Further, since the surface emitting laser device is directly driven under modulation, use of an 
external modulator is not required as well. From the foregoings, the number of parts can be decrease 
remarkably and the size of the driving circuit can be reduced. Accordingly, the size of the optical mc 
itself can be reduced and remarkable cost down can be obtained together. Further, high yield upon 
manufacture of the device is also effective to the reduction of the cost. 

[0071] Further, since the optical module according to this invention less deteriorates the active layer 
because of low resistance of the surface emitting laser and less heat generation of the device itself, si 
characteristic can be provided over a longer period of time compared with existent optical modules. 
[0072] The effects described above becomes more conspicuous as described above in the surface em 
laser using an active layer material, for example, GalnNAs of excellent temperature characteristic ca 
of confining electrons by a deep potential well in the active layer. 

[0073] In the drawing, for optical system in FIG. 9, dotted lines denote partitioning between the ligh 
transmission side in which the semiconductor laser is disposed and the light reception side in which 
photodetector is disposed but respective portions may sometimes be constituted independently as a 1 
transmission module and a light reception module. Further, in the drawing, the photodetector for use 
light output monitor of a surface emitting laser device is saved. 
[0074] <Embodiment 1 of the Invention> 

[0075] As a Preferred Embodiment 1, manufacture of a surface emitting laser structure not requiring 
regrowth process according to this invention is to be described specifically. The cross sectional view 
the upper plan view of the device structure are as shown in FIG. 3 and FIG. 4, respectively. FIG. 10 
a cross sectional view of a device illustrated in the order of manufacturing steps. 
[0076] For the manufacture of the surface emitting laser structure, in view of requirement for precise 
thickness control or the fabrication of an abrupt hetero interface, a molecular beam epitaxy (MBE) n 
a metal organic chemical vapor deposition (MOCVD) method, or chemical beam epitaxy (CBE) mel 
capable of instantaneously switching the materials is suitable. Further, in a case of using GalnNAs f< 
active layer, a growing method in an inequivalent state is advantageous for the introduction of nitrog 
(N), and the MBE method, MOCVD method or CBE method described above is suitable as the groM 
method also in this regard. It will be apparent that the growing method described above is not limital 
the manufacture of the surface emitting laser device according to this invention. In this embodiment, 
solid source MBE (SS-MBE; Solid State-Molecular Beam Epitaxy) method was adopted for the grcp 
method. In the SS-MBE method, gallium (Ga) and indium (In) were used as a source for the III grou 
element and metal As was used for arsenic (As) as the source for group V element. Further, silicon ( 
was used as n-type impurity and carbon tetrabromide (CBr4) was used as the impurity material capa 
high concentration p-type doping. Providing that the identical doping concentration can be attained, 
beryllium (Be) or zinc (Zn) may also be used as the p-type impurity. As for the nitrogen (N), nitroge 
source radicals formed by RF (Radio Frequency) plasma excitation of N2 gas was used. Excitation c 
nitrogen plasmas can also be conducted by using ECR (Electron Cyclotron Resonance) plasmas. 
[0077] Referring to FIG. 10(a), an n-type GaAs (100) substrate 102 (n-type doping concentration=2' 
>cm<-3>) was used for the semiconductor substrate. After elevating the temperature of the substrate 
As atmosphere, a lower semiconductor DBR 103 is layered by 30 periods using n-type AlAs/GaAs ( 
impurity concentration^ *10<1 8 >cm<18>). AlAs/GaAs means multilayer of an AlAs layer and a C 
layer. Hereinafter, such indication means similar multilayer. Each film thickness is defined as [1/4] 
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wavelength thickness in the semiconductor. Subsequently, there were formed a first spacer layer 104 
comprising non-doped GaAs layer at [1/2] wavelength thickness, an active layer 105 comprising a si 
layered film of non-doped Ga0.7In0.3N0.01As0.99 of 10 nm, a second spacer layer 106 comprising 
doped GaAs layer at [1/2] wavelength thickness and a non-doped AlAs upper current confinement k 
107 at [1/4] wavelength thickness in this order. 

[0078] Successively, a modulation doped layer 1 1 1 comprising AlGaAs/GaAs that particularly form 
characteristic structure of this invention was layered. In the modulation doped layer 1 1 1, a non-dope 
layer of 25 nm thickness was used as the low concentration dope layer 113, and a p-type AlGaAs la) 
nm thickness was used as a high concentration dope layer 1 12 (p-type doping concentration^ *10<1 
>cm<-3>). The Al content in the AlGaAs layer was 30%. This forms a channel of 2-dimensional hoi 
is formed at the AlGaAs/GaAs interface. This modulation dope structure was layered repeatedly for 
times. Successively, a third spacer layer 108 comprising p-type GaAs (p-type doping 
concentration^ *10< 18 >cm<-3>) is formed. The thickness of the third spacer layer 108 was contro 
such that the total thickness including the modulation dope structure is an integer multiple of [1/2] 
wavelength thickness. Finally, an upper DBR 1 10 with non-doped AlGaAs/GaAs was layered for 25 
periods to complete the crystal growth process. The Al content in the AlGaAs layer of the upper DB 
was set to 10%. Further, the film thickness was adjusted to [1/4] wavelength in the semiconductor. 
[0079] Successively, a processing step for manufacture the device structure was applied to the comp 
multi-layered grown wafer. At first, a silicon dioxide (Si02) film 120 was vapor deposited over the < 
surface and then patterned in a circular form by a photo-etching step. This state shown in FIG. 10(a) 
[0080] Using the pattern as a mask region, mesa etching is conducted just below the AlAs upper cur 
confinement layer 107 (FIG. 10(b)) As the etching solution, a mixed solution of hydrogen bromide ( 
aqueous hydrogen peroxide (H202) water (H20) is used. Successively, selective oxidation is applie. 
the thus formed mesa structure for confining electric current. The lateral side portions 121, 122 for tl 
AlAs upper current confinement layer 107 were converted into an AlxOy insulation layer by heating 
wafer to 400[deg.] C. in a steam atmosphere. Thus, an apertured portion of 5 [mu]m diameter [phi] \ 
formed in the central portion of the device (FIG. 10(c)). 

[0081] Subsequently, the Si02 film 120 was removed and, by way of the photo-etching step, both si 
the upper DBR 1 10 were removed by etching to just above the third spacer layer 108 (FIG. 10(d)). 
[0082] For improving the yield in this etching step, an etching stopper layer comprising aluminum g 
indium phosphide (AlGalnP) at [1/4] wavelength thickness may be introduced between the upper DI 
110 and the third spacer layer 108. Finally, a ring-shaped p side upper electrode 109 (FIG. 10(e)) an< 
side lower electrode 101 were formed (FIG. 10(f)) and a surface emitting laser device was complete* 
the example shown in FIG. 10, since wet etching was adopted, the mesa shape of the device is some- 
different from the cross section as exemplified in FIG. 3. However, this has no relation with the basi 
feature of this invention and the device characteristic has no substantial difference. Further, by the u: 
dry etching, the same cross section as that exemplified in FIG. 3 can be obtained easily. 
[0083] The thus manufactured surface emitting laser device lases continuously at a lasering wavelen 
1.3 [mu]m and at a threshold current of 0.1 mA at a room temperature, and the device resistance was 
[Omega]. The modulation characteristic of this device was satisfactory also at 30 GHz. 
[0084] Successively, an optical module shown in FIG. 8 was manufactured by using this device. Fur 
an optical system as shown in FIG. 9 could be constituted. 

[0085] The optical system according to this invention can decrease the number of parts and the size : 
small since the device driving circuit is simple and effective. Particularly, use of GalnNAs of good 
temperature characteristic as the active layer material is one of the reasons. Further, yield upon 
manufacture of the device is high thereby enabling to attain remarkable reduction of cost. Furthermo 
optical module less degrades the active layer since the resistance of the surface emitting layer is low 
heat generation is small. Accordingly, stable characteristic over a longer period of time compared wi 
existent optical module could be provided. 
[0086] <Embodiment 2 of the Invention> 

[0087] As an Embodiment 2 of the invention, manufacture of a surface emitting laser structure using 
regrowth process according to this invention is to be described specifically. The device structure is a 
shown in FIG. 11. 

[0088] The MOCVD method is used for the manufacture of this device structure. Triethyl gallium (1 
and trimethyl indium (TMI) as organic metals respectively were used as the source for Ga and In of 
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group III element and AsH3 was used as the source for As of the group V element. Further, silane (S 
was used as the n-type impurity and CBr4 as the p-type impurity. Dimethyl hydrazine (DMHy) was 
as the N source. 

[0089] For the semiconductor substrate to be manufactured, a GaAs (100) face substrate (n-type imp 
concentration^ *10< 18 >cm<-3>) 202 is used. After elevating the temperature of the substrate in an 
atmosphere under the supply of AsH3, a lower DBR 203 with n-type AlAs/GaAs (n-type impurity 
concentration^ *10<1 8 >cm<-3>) is layered by 30 period on the substrate. Each film thickness was 
controlled respectively to [1/4] wavelength thickness in the semiconductor. Subsequently, a first spa 
.204 comprising a non-doped GaAs layer at a [1/2] wavelength thickness and a multiple quantum we 
active layer 205 comprising a well layer of non-doped Ga0.7In0.4N0.03As0.96 of 10 nm thinness ar 
non-doped GaAs barrier layer of 10 nm thickness were formed. The number of well layers was 3. 
Successively, a second spacer layer 206 comprising non-doped GaAs layer at [1/2] wavelength thick 
and a current confinement layer 207 comprising an n-type GalnP of 10 nm thickness were formed. 
[0090] Successively, a modulation dope layer 211 comprising AlGaAs/GalnAs/GaAs as a structure 1 
particularly forms the feature of this invention was layered. As the low concentration dope layer 213 
modulation dope layer 21 1, a combined structure of a non-doped GaAs layer at 5 nm thickness and £ 
dope GalnAs layer at 5 nm thickness was used, and a p-type AlGaAs layer at 5 nm thickness (p-type 
doping concentration^ *10<20 >cm<-3>) was used as the high concentration dope layer 212. The A 
content in the AlGaAs layer was set to 40%. This forms a channel with 2-dimensional hole gas main 
the GalnAs layer. The modulation doped structure described above was layered repeatedly for six tii 
Successively, a portion of the p-type GaAs third spacer layer 208 (p-type doping concentration^ *H 
cm><-3>) was formed to complete a crystal growth process for the first time. 

[0091] For the wafer taken out into atmospheric air, a desired pattern was formed by a photo-etching 
and the modulation dope layer 211 and the current confinement layer 206 were removed by etching : 
forming an apertured portion with a diameter [phi] of 3 [mu]m. 

[0092] Then, the wafer was introduced again into the growing apparatus and a p-type GaAs third sp* 
208 at [1/2] wavelength thickness (p-type doping concentration^ *10<1 8 >cm<-3>) was formed. Tl 
in the apertured portion was about 100 nm and no adverse effect by the step upon regrowth was obsc 
Finally, an upper DBR 210 with non-doped AlAs/GaAs was layered for 25 periods to complete the c 
growth process. Each film thickness was adjusted to [1/4] wavelength thickness in the semiconducto 
processing step for the manufacture of the device structure was applied to the completed multi-layer 
grown wafer. At first, Si02 was vapor-deposited over the entire surface, which was patterned by a 
photolithographic step into a circular shape and, using the pattern as a mask, both sides of the upper 
210 were removed by etching to just above the third spacer layer 208. For improving the yield in thi: 
etching step, an etching stopper layer comprising AlGalnP at [1/4] wavelength thickness may be 
introduced between the upper DBR 210 and the third spacer layer 208. Finally, a ring-shaped p-side 
electrode 209 and an n-side lower electrode 201 were formed to complete as a device. 
[0093] The thus manufactured surface emitting laser device oscillated continuously at a lasering 
wavelength of 1 .3 [mu]m and at a threshold current of 0. 1 mA at a room temperature and a device 
resistance was 8 [Omega]. The modulation characteristic of this device was satisfactory also at 30 G 
[0094] For reducing the contact resistance between the third spacer 208 and the p-side electrode 209 
effective to apply carbon (C) delta doping with CBr4 after growing the third spacer layer 208. 
[0095] The optical module shown in FIG. 8 was manufactured by using this device. Further, an opti< 
system as in FIG. 9 could be constituted. Like that in Embodiment 1, it had high performance and lo 
Furthermore, the cost for the module itself could be reduced remarkably. 

[0096] While explanations have been made in this embodiment only to the example of using GalnN, 
the active layer but it is not restricted only thereto and it will be apparent that various kinds of surfac 
emitting semiconductor laser devices can be provided. For instance, a surface emitting laser device a 
[mu]m range can be provided by using a material such as GaAsSb. Further, as described previously, 
AlGaAs or the like at high Al content is used as the low concentration dope layer, the material itself 
becomes transparent to light at 1 [mu]m wavelength or less, which is applicable also to surface emitl 
lasers at wavelength of 1 [mu]m or less. Similar effect can also be obtained also on an indium phosp 
(InP) substrate providing that there is a satisfactory combination of semiconductor materials capable 
forming 2-dimensional carriers. This can provide an optical module of high performance and reduce 
[0097] As has been described above with reference to each of the preferred embodiments, according 
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invention, the high speed optical module using the surface emitting laser as a light source can be imi 
in the performance and reduced in the cost by the remarkable lowering of the device resistance in th< 
surface emitting laser. The surface emitting laser of such low resistance can be attained by a structur 
having, on a semiconductor substrate, an active layer for generating light, a current confinement regi 
disposed on the side opposite to the substrate relative to the active layer and a cavity comprising refl 
putting the active layer and the current confinement region vertically therebetween, in which the cur 
flowing from the electrode disposed on the side opposite to the substrate relative to the current 
confinement region to the current confinement region has a component in the horizontal direction re 
to the surface of the substrate and the current component in the horizontal direction is conducted ma 
way of the channel for the 2-dimensional carrier gas. Specifically, this can be attained by introducing 
modulation dope layer between the current confinement layer and the upper electrode. 
[0098] According to this invention, it is possible to provide a surface emitting semiconductor laser c 
of high speed operation. This invention can attain a high speed, for example, of 10 Gb/s or higher. 
[0099] According to this invention, it is possible to provide an optical module for mounting thereon 
surface emitting semiconductor laser device capable of higher speed operation. 

Data supplied from the esp@cenet database - Worldwide 
Claims of correspondent: US2002075921 



What is claimed is: 

1 . A surface emitting laser device at least comprising, on a semiconductor substrate, an active region 
generating light, a current confinement region disposed on the side opposite to the semiconductor su 
relative to the active region, an optical cavity comprising reflectors putting the active region and the 
current confinement region vertically therebetween in the direction of layering the semiconductor la^ 
first electrode disposed on the side of the semiconductor substrate relative to the current confinemen 
region and a second electrode disposed on the side opposite to the semiconductor layer relative to th« 
current confinement region, and having a layered structure capable of forming 2-dimensional carrier 
between the current confinement region and the second electrode. 

2. A surface emitting laser device as defined in claim 1, wherein the semiconductor region having th 
layered structure capable of forming the 2-dimensional carriers has at least a first semiconductor lay 
containing impurities at high concentration and having a wide band gap and a second semiconductoi 
containing impurities at a concentration lower than that of the first semiconductor layer or substantia 
containing impurities and having a band gap narrower than that of the first semiconductor layer. 

3. A surface emitting laser device as defined in claim 1, wherein at last a portion of the semiconducfc 
region having the layered structure capable of forming the 2-dimensional carriers is contained in the 
optical cavity. 

4. A surface emitting laser device as defined in claim 1, wherein at last a portion of the semiconducfc 
region having the layered structure capable of forming the 2-dimensional carriers is contained in the 
optical cavity, and at least a portion of the semiconductor laser region having the layered structure c< 
of forming the 2-dimensional carriers has at least a first semiconductor layer containing impurities ai 
concentration and having a wide band gap and a second semiconductor layer containing impurities a 
concentration lower than that of the first semiconductor layer or substantially not containing impurit 
having a band gap narrower than that of the first semiconductor layer. 

5. A surface emitting laser device as defined in claim 3, wherein the semiconductor region having a 
layered structure capable of forming the 2-dimensional carriers absorbs less than 1% of the laser bea 

6. A surface emitting laser device as defined in claim 4, wherein the semiconductor region having a 
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layered structure capable of forming the 2-dimensional carriers absorbs less than 1% of the laser bea 

7. A surface emitting laser device as defined in claim 1, wherein the semiconductor region having th 
layered structure capable of forming the 2-dimensional layers is at the outside of the optical cavity. 

8. A surface emitting laser device as defined in claim 1, wherein the semiconductor region having th 
layered structure capable of forming the 2-dimensional layers is at the outside of the optical cavity, z 
having the layered structure capable of forming the 2-dimensional carriers has at least a first 
semiconductor layer containing impurities at high concentration and having a wide band gap and a s 
semiconductor layer containing impurities at a concentration lower than that of the first semiconducl 
layer or substantially not containing impurities and having a band gap narrower than that of the first 
semiconductor layer. 

9. A surface emitting laser device as defined in claim 2, wherein the first semiconductor layer contai 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

10. A surface emitting laser device as defined in claim 3, wherein the first semiconductor layer conte 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

1 1 . A surface emitting laser device as defined in claim 4, wherein the first semiconductor layer conte 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

12. A surface emitting laser device as defined in claim 5, wherein the first semiconductor layer conte 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

13. A surface emitting laser device as defined in claim 6, wherein the first semiconductor layer conte 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

14. A surface emitting laser device as defined in claim 7, wherein the first semiconductor layer conte 
the impurities at high concentration has a p-conduction type and carriers in the semiconductor regioi 
having the layered structure capable of forming the 2-dimensional carriers are holes. 

15. An optical module having, on a predetermined frame, as a light source a surface emitting laser d< 
having, on a semiconductor substrate, an active region for generating light, a current confinement re) 
disposed on the side opposite to the semiconductor substrate relative to the active region, an optical « 
comprising reflectors putting the active region and the current confinement region vertically therebei 
in the direction of layering the semiconductor layer, a first electrode disposed on the side of the 
semiconductor substrate relative to the current confinement region and a second electrode disposed < 
side opposite to the semiconductor layer relative to the current confinement region, and having a lay 
structure capable of forming 2-dimensional carriers between the current confinement region and the 
electrode. 

16. An optical module as defined in claim 15, wherein the semiconductor region having the layered 
structure capable of forming the 2-dimensional carriers has at least a first semiconductor layer conta: 
impurities at high concentration and having a wide band gap and a second semiconductor layer conte 
impurities at a concentration lower than that of the first semiconductor layer or substantially not con 
impurities and having a band gap narrower than that of the first semiconductor layer. 

17. An optical system having a surface emitting laser device at least comprising, on a semiconductoi 
substrate, an active region for generating light, a current confinement region disposed on the side op 
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to the semiconductor substrate relative to the active region, an optical cavity comprising reflectors pi 
the active region and the current confinement region vertically therebetween in the direction of layei 
semiconductor layer, a first electrode disposed on the side of the semiconductor substrate relative to 
current confinement region and a second electrode disposed on the side opposite to the semiconducti 
layer relative to the current confinement region, and having a layered structure capable of forming 2 
dimensional carriers between the current confinement region and the second electrode. 

18. An optical system as defined in claim 17, wherein the semiconductor region having the layered 
structure capable of forming the 2-dimensional carriers has at least a first semiconductor layer conta: 
impurities at high concentration and having a wide band gap and a second semiconductor layer conk 
impurities at a concentration lower than that of the first semiconductor layer or substantially not con 
impurities and having a band gap narrower than that of the first semiconductor layer. 

19. An optical system having an optical module as defined in claim 15. 

20. An optical system having an optical module as defined in claim 16. 
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jStf*Ji4 . WiBf& 1 0 fit>«ft-r^««* 

fg 1 ©*3W*» «fc 0 2 ©¥«# 

If 4*4>fc< L^mhXteZtL*'¥mt-?ZW¥&m 

1^4. c©sat»««*!JW,-ClWfa¥3WtB«tjl!««: 30 

-c. mria¥^*«ffliciaw6ftfcSfn©*ffi<t. mib 

^StflcS« 4 £*H!W(C59W 6tifcffi 2 ©US £ 44>& < 
4 fcWL, SJIB«ie*s«Hi«t WESI 2 ©S@©R8CC 2 

i^^Wl, fio^R2^7n*+ yr©£)fcft«iJft&8t 

»«a*wrs*aH*)ifli«i©ii><c< 4 sb^huib^ 

llto 

^4 . c <Dm&mmmz&^wmmm&mmtm.mt,c 
•c. M5B*3s»s«fliJ(csaw6nfc^i©mS£» mib 

£ t> W L . BfflB«^»^««£ iff BIS 2 ©*«©IBI©d> 
< 4 & — SPfc 2 2ctc* t'J7 ©£j£# oJfj6&8iB«Ji 50 



-a»»i»3B3(a«RSrt tc**n. floiwa 2 ^tc+ * y 

£^w-r a -5. t > »nsiwcc^*B!gj€:^w-B-r sour 

&m t *'pt* < t & * lt as c ^ 4 1 zmmit 

[ fflwai 5 ] luiB 2 ^7c* >; T©£jjfcf&* nJflB&SIJB 
«jft*wr*^i^i»Jt«W!©s»u— vitomuw 1 % 

5R«tr* 5Ci «£tt £ afS*s 3 RO'S«*l 4 ©l> 

-rn*>(cfB*g©M^^M u -if mm. 

*S4, c©ffittgMilS ; &R^•CBula^»a^<^:MfBlJ^c 

-C. IWa*a«*»«flB«:S9!tt6tifc*l©««4. f)IB 

¥m#m& ti&ftmtcmt ^titcm 2 ©m@ <t < 

i^WL. «BB««»*««4«nE»2©««©IBI«:2 

^4, c©rS14)l^ ; S:^^rH^^ia^»SSijMfB'J4C 
iBg$tifo«^^M^£. 3tt*iW*»©aW*l^«: 

r\ pria^(*»WJK^^6n/c^i©«Si, prta 

t i> m h . BuiBm^^^ci Huiam 2 ©m^©ra©4> 
£ < t *>-s&cc 2 ^tc* -r u r ©*bk^ BiHtJ&aewii 

va.^m^mimazm? a» 1 ©*«»a 4 . itear 
1 ©*3w*jij: o(Bi>iiS'CT#e«i%^ , r-5*>**i.> 
«^se t j«:^Mfj ; Sr^W't±-rji.'3BTfiam 1 ©*«««* 
*) m>$mmm*:G-rzm 2 ©*ajw*ji<t *^&< t «> 

[ it*js 8 ] naaw aKcc^»**^-r ami©* 

p L/ . 2 + U T©^£*5 

?IttaSWB«Jfi*Wr t'JT 
#ie?l-c & ac4^^fSt4-ra 3*^1 2 J: 0 IS^^ 7 © 
t>ma>ccia*s©E#&3^ u--yg». 



3 

^-rn^{cis*s©®i%*Mu— *>»«■*#«£ u-cm? 

mmm 1 0 ] flftftg 1 <t 0 tt^OB 8 ©C^nA^tClB 
«W>ffl«3^ U — tf *SS& SOBM&qi 9 fcfB*g©3te* 

[0 00 1] 

[0002] 

an) K*jt,»r«t»«e3i©-«iai!Q:isa{b***»6nr 

s HUB (*«g) IB*ISA^» 9 • sK-> 

(backbone) Kfc^tB 10Gb/sK* 

#ae«:B. if. s**^. so*, -eti 

B. 1 0Gb/sftiHit4lBBSej**s?Itt-C**i«,>5 

f £ C £ * . <B3 * h -cUflt-r SCi Meat 

[0 00 3] C*l*T?K:fcl6*VC(,>-S 1 0Gb 

[0004] CCt, 40 1B*#*V-fgf. 4 0 
2BU— tflEttlslSS. 4 0 3«¥i£?f*U-imBJ:DcD 

^w^©^^. ^ -m©^^-?. 404 BaR-rosss? 

MitOtclbWl* 4 0 5 tt§3fcIH\ 4 0 6 

ttS^SRT-IBttllK, 4 0 7«7fe*y^-;b^* ? y-S> 
4 0 8B3^t^-.rt^»{1^tfS^III{i8. 4 

40 8«ot, fi^U-fgg4 0 1*>ei/-!f* 
£2S£-r£o CCT*. 1 OGb/s£M*£i«it^lli# 
«. KmLW&AO 3*ilL,r^«3tl.5o S/c. 40 

sccjc-o-csmf ^©ftft-sfB. *7 7-(a-4 

0 9%aL--Cfl5jir-?5f5K t 5$n-S„ CC-C. 

— tf«g£LT«. *f<)VA.J>V»56.MWm (Ga I 

n P A s ) S©^«rW*4*?Si4»{Cfflt,^jgaffl^3l£S{ 

St. i&»£i£&* nJtt& S/> F7r-f /< — 
firS 1 .3 Atm. &£l>B 1 .5 5 (im?*5. 
[0 00 5] — JK'C. Ga I nPAsSU-ftt 
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x^4 0 4 Obitc. iiU:'Cj:»). 3fc 

ofc. cntt. SEfU OGb/s it^^jIK©^ 

Lfc«j&#>6. i*©10Gb/s3Sty a -W, i£ 
h-fb*s^©^*©L AN^©®fflt<:*JC>r2t5:afifj 

-rat. *^-en©gp^tt3:L/-c. ^jtm^y^-ju. 
[o o o 6 ] -en-c^L-r. ifjfew-cLAN-cffiffl^ti 

mmfrWLum~?1b<<) . ^IS^U— ?f©*tiSg (& 

ioo*im) •tit-<-cBSa>{c'S< , S*W'csa#tt 
ccgn^., 36(c. (1) fc*-Ajf*tt*iro*5K:ig<3fc7 

b. ^%mxm&*m-cvx.»m{iL<Dm*imifi*sf&-c 

A^>^Aillf (GalnNAs) . tf'J^Afflt 
^T>9^> (Ga A s S b) £(,>-?/<:*/'; •iJAfflt^ 

(Ga a s ) mm±t£B!8&mts:mo^mmmtnic£ 

SI .3Mm^©ffi^U-1f©^Ji**ta^Ci-CfSSS 
[0 00 7] Cft<E>©*2§**U— tf^gtt. ia 

aeas** pittas' K7 t ^^--(cs^-rss 

^g^®^* u -If XMtOSS^fSK:!* o r n 
•So #(C. Ga I nNAs^ffittliCffi^fc^iciJ, 
e«Wtc *J Cf -5 31 1 »>J« 7- > *y + r^T- «H 0 iA* 
5ci*t#, fiS«:*t-rs#tt©-5Sttfe^:iPacc^# 
-C^Si^i'J^tlTl^. GalnNAs^MKffl 

*ty»-A*««t4ct#. prtt-efe-siw^^ti 

TV*. 

[0008] ffl«jeu— !f-©S*tS^B. 
•Sritt^i. ffitt«©ei*^>M^('cm^*aA-r-5>/'cJ6© 

ti-cc^. iiw. m&m.Mmimm#&mmmMm (d 
br) *5f ir^n. siftB. c(D%.Mm<Dmmte&mm 

[0009] ¥m&&mmjxMmi*i&mm^<D 



(4) 

5 

S. -WIchUT, B#B&5K**L 1-204 
8 7 5-5f£^R ( 1 9 9 9/7/3 SCfBigcDE^ 

50 1 ttT3B««. 5 0 2 «¥3M*gfiL 5 0 3 5* 
T»2HMIE»aL 5 0 4(if U^f-I, 50 5 
»ffitt)H, 5 0 6«»2^^— frHB, 5 0 7«1« 
>M, 5 0 8tt«S«IA». 5 0 9«ffl3X-<-1f- 

5 1 0 teiSPHfe 5 1 1 «±gpo^HJ5aS*fttr 10 

±«««5 i o*. iM^mmKMms 1 1©« 

-If HI 5 0 9#>6SftSSAB5 0 8%Ml>X. «8fcSfc 

$t<hfBiarr£ 0 ) ©fi«*K#Tt>S. 20 
[0010] 

[«9i36sj|?»LJ:5iT5WH] WaBftff 
# pI#BiteM#^^«ft u-ir*w*««^ t -r £ 4> CD 
r£>& 0 #H2MBfci\ 1 0Gb/s£Lh<D*il 

[ooin *a»9i©8ijas»tt. Ka»fW5i«r 

[0012] *BB»?BCDJg«:SOaBW». <fc9*»lfrfP 

[0013] C 0 UfcBBHCCSEtJS"r4»tcRJBW5C«, 
ffiffeMS U - If CC*jW S «T<MHI*fB*r & C <b 

40 

[0014] 

a, *»»»«±«:, **«tr*iae»**i. c<d 

^fflfjfcia:»6#ife02©«a4*il>ft< i*>*L/v w 
E«SIE»sp«Wi«HB»2 ©mONKC 2 JJCtc* t'JT 50 
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[0015] m&2'Xtg** "J TO^JSK*ipI8B&«H« 
C>. IP%. *WMBO*2<D»«tt, *a»*S«±Kl, 

HI 1 ©m« t , hu1E**»*® 4 KSflWfctt » 6 ft/clg 

2 corns t < cb & m u . f« sa«aa»^«« & Mia 

SB 2 ©««©lffl<D4>tt < 4 fc— SMC 2 ;>Ctc* * y T CD* 

ifi**tr £31 1 <t , fjism 1 <D¥Wf*» J: o 

td«*rfl^OTBw i <D^»m*vw<>mmmz 

[0016] fife 2 ;£tc* ^ y 7©£/^UfiBtt8tB# 

2©«ffi©ra©i!>tt< ifc— SB^ffls-rntf, 

tc*f LtB S^Stc^KE 3 JVC t >Z> o ^BR©8BSCC I > 

mm~c$> h , HffiBasfc^««i«riBm2 (dm@cdp h icd 
^ssas§cc 2 ;xtc^ * y r^wmw^^Lwmwfi^ 

2 ;xt£* ^ y r o&aw ^mrmmmm^m-r & 

s«fficc^fttffi«:s*ur^ffitc23c5c*i' yr© 

-Cttftl^. 2^C7C*^yT<D*J^oI«B«c»Bflt 

^fewot#^o co^fe, 2 ^tc+ y T CD^^^J 
[0017] CO^^^c. *W*W<DS*«JiS«, rnsfe 

cD^^w-r^s^u-ificfccir, ffira&K¥3n3iQ 

tl/7^©*t>* . bu f Bm@ £ ■StiR&A 
«[ffl(D^>& < <b $KtC. 'PU < i fe 1 a^CD^I^ifS 

1 ^<D^nJ:0**fJ^I©K^¥*^6^^>{£S 



aK-e>yn (c©ffia§&F-£>^jfK:ttF-e> 
Ltcms F - «t -> r j&s snscitcio^^ 

[0018] C 9 LT. #6I#£HJJ©3Egft©ji/j£{£. p 
■e©fc*{c, ±4l,TiE?l** + ';ric0fc2^7CiE?L 
[0019] 

[»»©**©«*« J «0%W©**^^%±^Ufc 10 
[002 0] :*IS#8BJ§©S8 1 ©ff^«. ¥a£#S«± 

WMtiK S^CC»UT*¥:#fa©fiS#*WU wis* 

[0021] &m&w<Dm2<Dftmte. mam 1 ©«?<£ 

ccfcW4 2;^** •;T#*©3 i + >*;i<as. H5iBS@ 
4*«E»s«i«IB©iI><C< 4 4>-SBCC*j^r. 4>ft< 4 
4> 1 sa©»*iJ^a©)At,^^^6ifeSi«jSe F-£ 

>^B4, 4>& < t i «H©-e*u: vmrnmuvm* 
¥m»& *> tt ■5<g?^a f - f> ifm c f - 1- > ^&j6 <* 

^ »^ *> ) 4 *SW 1/ fcSEB F - ^»»«: J: r> "C 

[0022] *w&m<D$;3<DBmz. mnsm2 ©#?*& 
ccfcwisai f - y*jftcc «t-s> u — t r&&it<Dmi8.& 1 30 

njta^iHF Tico^-r-ss 
sgsrt* #A-cg: w e n i, mmtm U — !f ^St? & & . 

fc. c©«*j£(c:fett5 u-if^©®iR*i 1 %im~e$>ft 
«. +»iiF!l©ffi^*M u — if £tjg4 RtttclBft-r & C 

it£?fc£iii§©$1-S|5fc:|g:W 64. C^LfcU — !f *©« 

[0 023] 4Wffi^©fH4©^.«». BUlB^2©^S 

w e> n s c 4 4 -r £ u — «f =£g„ 

[0 024] *M&W<Dm 5 ©»2!£«, bJIB^ 1 «fc 0 ft 

Avjmnctsvz&m v-ym&ia6vzm&& F-e 

ffl»#fflU-"!f»«-C*S. 

[0025] *mMW<om g ammt. mmm 2 j: 0 9 

5©J$8fc*sW-5^iB F-^«JtlC*jW4lSt«« F-f 
>y@(CA IGaAs. AlGalnP, WLMZ. tft 
6©a@*JS. -€-L/T» <5igSF-£>^J10CGaA 
s. GalnAs. *tt6©«JI«j&WBt>6 50 
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^l§g©&«#14©tl.#>6ffift/c#14£f#&C 4**g 
W,~C&>Z> G a A s »«±K:fi» WMlgUCt* 

[0026] ;xcc. &&wmnmmzwm-t zititt 

[002 7] 1 0Gb/s£®*£l*ji©B&mttt£ : fr 
3fe?S4Lrfflt,^ffi^U— Wcfc^Tl 0Gb/s£ 
M^*U— tf^g©S!n (R) . gl(C)©fi 

[0 02 8] -SafC. *«MtU— tfSHOSttn&XH 

^^©^m^j*s3 d B&rt^mmmm ( f 

3 d B4B5fB-r&) "CMSnS. CCT. f3dB 

«. RiC&ffll>t«TOS ( 1 ) -Ci?tl4„ 

f 3 dB= 1/(2 ttR • C) • • • • (1 ) 

-X rH*#U--!f©*at4j£;jaj «3iUlJiS^tf. # 

mm—. 'hik—Ejmm, omi 8 4Htc^^nrc» 

[002 9] ±IBie ( 1 ) ^© f 3 d B 4 L 

-C. tlOGb/s^MtWt m-?ffi5t*10Q 

fjf^*-c<£«-r^g*^6c4^a(g§n6 < , cc 
r. s^*u— tfiis©^s«. -(^^114 0X5 0 

0fF4<RSLfc. ^S«*S6(C<g«-C#tltf, * 

^©*§£-(C&. ®ffi^fcj!)5SS'CA.5>C4«-l- i 5S-Cfc 
MtC. i^Jl 0 Q©^ffitn(i^E^^©U— tf 

Sf*^(54©it«^^>ffi^U— Iftctt. AlAs/ 

g a a s &<D¥mft&mmicKzmMmifi2.t bxm^ 

pI©A lAs/GaAs «©^^^JSM(C«:&SM 

m<D±<,cmm&&g.zft, c<Dmm#pmmmMm*M 
LxrmmicnmmAZft-c^tc ^©sg. aias 

/G aA slfi^T-DWUCfet-tSi^Jl'f-^ 
{*. W3SiHfi©fiC^iE?Uc4-5-C^^^gJjtRSc^{Cife 
f3. ST-tgKfcttXS-e-T US 4*^11^*6,, 
©*t^4L,T. A 1 A s/Ga A s-^f-D|?ffi(Cffl^^ 
^^CC^t^-S/cA 1 GaAs^ftMIAb, 
o, -€-©A 1 A sfflJ©^CCpM F-f>^*SSbr» ^ 

^D^M©igta^*fii«-r6^©i^**^j:3iiri^ 



(6) 



[0 03 0 ] — mftO&mW' 1 1-2048 7 5 

(199 9/7/3 o&m) ^m<Dmmt\s-^t-i 

[0 03 1 1 «*I^Ifitfitt, V- FffiJS ( R c ) Ctittf* 
T&o CCt\ RcliOTOS (2) ^SftS, 10 
Rc = 1/CNs • e • a) • • • • (2) 

CCX\ N s h • * * V T?SS, e ttSMJSI 

ft* u«A<D^fiijS, t«A<D*Wr*4. Nslt * 
^UT?fiK (P) <tA<D^SSK (m) CDS (Ns = p 

[0032] tJiEoH 2 cc^-rse*«^*ctt k wssjia 

A 5 0 8 «:«3a*©*aWWft6Sffli>6ns. ¥3»t«RCc 

KH#»AU ^fiTtSilr^ FU-F*7<DBB# 20 

x l 0 20 cm- 3 «±C0^SF--t->^jMl$^<r« 

15 07, ®S#AA 5 0 8 *IR^rt®K:«aM&tf ft: 

-t-15 0 9^MIt», «*»sffll5 0 7. 
«*»AJB 5 0 8 ifc»*Lfca<DT^-* + -SB<DI8^ 

5C <fcftfcf v *»JSCCteC^r 1 0 Q«H£©*T«!S**£ 30 

<*KBSIIB<0«:«B»>3c«c, cft6<DWc|i.&*iSlt 
^*SiB0A*lli»WOJg»*»lfflCcttW-r4. 03 &c 

fl^^WF-^Ai l ittBlo^ffJcclEALri^lffl*^ 

[0 0 3 3 ] B3CCfelvc, W#l 0 1«TBB«S, 1 

o 2 5**8wtstR. i o 3 [tr^(D^mm^mm. 1 o 40 

4B*l©^f'-i, 10 5Bffitti« 106 
ti*2©^^— ?-A. 10 7BliHWI, 10 8tt 
m3<DX*<-V-M* 10 9»±8B««, 110»±8P 
<D&AK£*MR. lll»SIF-m 112ti«ai 
ttF-b*>m 1 1 3tt{6attF-tr>^Ar*S. 
CCDA1 1 3CC«F-f>^*S6S&C*»^«>*Q. W 

[0 034] fflTgEKH F — b"> ^A», 3»«SS#»r 50 
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i i -vi^fc^*3»#tm©aw? 

* u - tf o«Fttccj*"r 4B*tt««:<fc o r SIRS tiS 

Ga A s 4I»*I/-1f*ItB, V 

«KF-fcT>yA», Wttt. AlGaAs, A 1 G a 

inp, *ic*ttcn6©^«iaftttt**s««««c« 

iS?ftffF-tf>yA<Z)»S«, 5 0nm«T, 
<fc0»*L/<»l OnmtiT. F^itt«itf5Xl 

Ate* MiLtf. G a A s , GalnAs. *£l>«Cft 

>^A<D/¥S«:* lOOnmHT, F-:/ftH:«*.«5 
x l o 17 c m- J «T**2WB3*i*. 
[ 0 0 3 5 ] fP3K-^l 1 1 1 CCtolvrtt. tg^JK F 
-bT>^«l 1 2*6«fe3*ifc*+yT*«. iMMSF 
-tf>^Al 1 2ifii7*ffiF-f>y»l 1 3<DWm<D 

mm. f - tr> ^AffliccjBRSs *i/c»»k<diBc> 2 
*ti-etijBtftcci»c^<tK:iwE"c#i. i^t, use 

( 2 ) afcfr&flS <fc 5 CC. R c (OAiHtt<B«^pJiB<fc ft 
[ 0 0 3 6 ] m 2 fc^Tfie**^ «ife»AH(DIR 

w*2f&rn«. #*ecc2(^a!ais»Ba*Lfr»6ii 
m*)M&&. ^aiiiBB«:*jiS3ti*2*7c**yr© 

^t>^W3oi^c^ **6CC2«-r"SH±CO«l 
W»6hS. »IF-^«HfiO»0igL«»H» (s) 
*c»U «flESn5^*>*^«tt2 s-lt*l 
■I F - :7*jB(D» OiML mmks*:& < Tti ttt *> (2 

XLMRBRs». F-tr>^«KR:«(c#l/," l^DBR 
[0037] *BW9i<MR^4iJt«:*5C^t:±««« 1 0 

9*6aAStlfc««»*, S%»E^A 1 0 7 Cc <fc Q^A 

A^c J: 0 MS n/cffiigStft 2 ^tc+ t»;7^t>^ 
T^tSttAWWCcaASnSteftK:. ^WCc«, «fe 



C7) 

11 

©ffiinfilr*S„ ^S3F-:/JI©«ij*i;l. ilH&KF-:? - 
JfiUTpSWT-^S-^Atfll^AittJpt (A 1 GaA 
s. mm 5 nm) . jg&SF-t^lIiUT^F- 10 
■?'©GaAs ()SJ?2 5nm) il/fc„ i-)T, — 3© 

>*)VZBl&-?6m<&mti.ffi&<Dmmi<Z3 0 n m-e 
CCt», iS?£gF-7H©p2>F-t>^K 
iLtIxiO"cm- J ilxiO" cm- ! <02SSO 
^OitSLF!l-C$)^ 0 ^©^©IBl©^- F • 
TaSK«. •en-?mxi0 13 cm- i iixi0 1, cm 
"\ 2;&rc^ + >*>WCfcW£iE?L©^t&a«. 50 0 
cmVVs ectlife^ns. 06J:O. iftagfiF 
-t>yjl©* + 'JTaSK#l x i o-'cr^fiS, 

K - 7*JI©JK^#Sft 3 0 0 n mfcLt* ftkE. 10Q 20 

F— e> :?JI©+ T^S^ 1 x 1 0 * 0 c m" 3 ©*§^ 
(C«. Hft *«igtn<fb*«J«g<fc & <3 . 5 0 n mSS©I 
JTC. 1 0QiaT©«*l6lffitn:*sjei-c^S„ 

[ o o 3 9 1 *«c. Kmmtnmmmm<DmfS,i l c^>r 

[0040] inM© «fc 5 CC . Mftlc U — tf ©?y*Mg© 

•rsfcftKw. ±T©s*f^©s«s ; &e«>'r^<-rs 30 
*a 9 9 . 5 %y.±L<Dfx.mm*!&mt-?2>. 

[0 04 1 ] SHiiUtt, JltlT^©S%S2aS© 
¥m#-Z l/4*fcgJl (A/4n: CCt?, Afctjfeg. n 

Jl)lJSW^^ffl^e»n€.2@»©¥««*t*4«:». 

©it£, tS^^fefi©«i*iJ©/c«). ««*«4£tST- 40 
H^UTC^tiTWSttS,, 3H#-C«. GaAs/7 
*3 Affljg (A 1 A s ) m^aWWfck 

rmimm (s i 02) /~mtm> (Ti02)f 
©nmf*w4^e»«iRSLfc^isjejs*t^i«t l-ob<,> 

«6ft. *-*-Fit©fc*(c^a-c«>f3. xztemtmm 
^aA-rss@©pa©e^©[4sccES3n. rgtt^ic 

i^3*i&*Sic£$tMm~gS(l 0 iim»M («T 

*{*w{c«. m^-m^micmxLtcA 1 a sn^^isj 50 
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*>*E.iliRW5cK{bL-. ^br;i/5-^A (a i,o ¥ ) *6 

ilK^t^tSC it, **{Cg^/cSfc/RcA 1 A s 

®m<D3>-cmmzwm-? f *>?•?•© a- 

S^^ftM*^. ^rt©^«Mi«jt©^«M(c F 

[0 042] ifcCC. U-1f7fc©f£lSifcga s 1 . 3 w m-e 
*£C<fc£#iau ^16IF-:7'JlK:<i:S-$gl .3 *tm 
^©eR^tco^r^Wu/c 07tc. gWF 
Jli *ti«c «fc £S3^©S8fc£©^(b©#lK:-3(,>-c^r; 
■r o CCr«. ^iSF-^HiL-r. 06 ©£«<»; l*)l£© 

mmmmY-7m<Dwm. mmtu 

BRSftt)8©JS*t^-C*S„ »£1 .3um*©fiR 
«. EEibTpMiS5?JiaF-t:->^-C@.5> 0 CCf 
{*< pSF-^igg^lxiO-'cm- 5 , 5xi0 ,9 c 
m" 3 , 1 x l O-cm-^tl^C^-Cf nf*iI^O 

fc„ s-^ft=cc*sw€.®iR^©fii«. -en-en 1 00 c 

nr\ 500 cm" 1 . 1 0 0 0 c m-^&S. WtiC^-< 

Fg«-r£ /effete. 9 9.5 %JW±©JSW^* s ^g-C*> 

[0043] S7<tD. *Jgl*^«:5i«-r €>fci*tc(i. 
pMF-f>^?jga* s l x 1 0" cm- 3 ©tB-^{CW^6 
OOnm. lxlO^cm-^l^tt, fil5 0nm 

[0 044] g£-?T. 06RO*S7©ig^i^»-tf^ 
£. «i^{cfcti-CK. 1 0 QSif&©^H8Si*SI3H 
-TSf^ic. ^pF-^)l*«JiSrt(ciBgur^. u- 

[0 04 5] c©c<t«. *^Hj©^i»«:*si,ir(*, 

$gB$©#g*9#iSU;fcS>. ^cffiftffia^ Kb^l^B-C 

[0046] — »?SJK F-7-@CCj;^*©eRiR?r^ 

-?-©^i:W||iSSX?i*5^i%-5AS. T^* 
-^t- »ccflfei;*JW«a*«. 02(tijrrfi£*^i£J: 

[0 04 7] *mmUClsi,>X. S6K^:*i5c»**» 
S(C«. ^— F ■+t'J TiSSN s ?rlt^:3lt'S C 

a i Ga a s/Ga a s©wffi«c. mfflmm<Dmi<\ — 

Mib-t^y^A-Of^ASIt* (GalnAs)fti' 

f*©^«@tc-rsc<!:«ws)ti-c*s. -eticcto. 2 
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1 2^gSK-f>^Jl, 1 1 3B{£?fflSF-t:*>^ 

[0048] cn£vtc&^tcm&*^m>-?ti&, *m 

jA®lKt>A lGaAs^AlGaln P^HWSOTl* 
So 

[0 04 9] H8tt**^»--iKO*Hftia*5W. 0 9 

ffl^to i8SOT9{CM^, 3 0 1fcfc*369JCC 
J:<Sffi#&563SU--1f«{fc 3 0 2U\s-*fmMM$&. 3 
0 3 H3:MHR-T\ 3 0 4 «§3fc*flffilMII&. 3 0 5 « 
^^a-jM^-^ft 3 0 65^^^^ 20 

%3fe^U-^S3 0 1R^«^3 0 3tt, *M*3 

CD, SlgttlHlK&ilJ. ^SBSKCcggK (30 

8 ) Stingo 0*<D^EP3 10. 3 1 lit ft^jt 

[0 0 5 0 ] *Bi»?Htcj:4Ma*U-1f», Sl^SSt 

(S=i^KtK:W«rc**. 40 
[0 05 1 ] JEte. #^BJJ<D{&&^^-MS, ffi 

[0 0 5 2] «±©S**«. JBCCSE^^ <fc 5 «C, ffittH 

I nNA s**ffll»fcffi»3eu— tttCfcOTtt. 
■fflfift*. 50 
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[005 3] fi§8. i9©^VXf AOitU, H*<D* 

-«Og**^ftt«« u r * L X & £ o 
<»?li<DiaiS<DJg» 1 >ISJ6©J&«W lilt, #!fi^ 
h^(c J: 5#j53Eftxe*5^ra!ttffl«* U -If 

3, ±S0«04^L/caOr4>So 01OCC*{jtX 

[0054] ffl**u-if«iji©fa8ecte(r^rtt. fne 
oritt^. c ctKi^Ift v-xmb e cs 

S-MBE :Sol id St a t e~Mo 1 e cu 1 
ar Beam Ep i t axytf il/c 0 GS-M 

(Ga) , (In) ftflBC^ V»OT*<D«te 

«<fc ur, bbr (a s ) tcmuxte&mA s */Bt*fc. 

r Offline &*>\ EiaooF-f^^iftfi^^T?**! 
tf, plWftiLt^y U^ACB e )^ffilfi (Zn) 
*Jgt>Tfc.ftlr>. ffiR (N) CCOlir«N a ^*RF 
(Radio Frequency) ^^XvagL/c 

mm (n) ^*7^&ffiffli/ft:. as^xv© 

m&te, ^(OmcEC R(Electron Cycr 
otron Resonance: OnFo> 

[oo55]aioo(a) *#s;-r So *aw*s«» 

rSGaAs (100)1S102 (nSF-f>« 
= 2xl0 18 cm" 3 ) A s#HMiCfet^r, 

JSKtJWUfca, SfehCCrffiA lAs/GaAs 
(nMT^tM- 1 x l 0 18 cm- 3 ) CCctST^O^ 

^»^HMJS*f^i o 3^3ommmm^6o is. a i 

As/GaAstt, A lAsJBiGaAsJli 

SJ:^CC0/c o l/2«SS©^>F-^Ga 
AslSl X^-*— JB1 0 4, ?^>^C il^lOnm 
O/>F-^Ga 0 . 7 I n 0 . 3 N 0 .o! A s „ . 9 9 <D*g)g^ 
e>&SrStt»l 0 5, l/2ifiSJ5<D-/>F-^GaA 
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sJIf&2X^-1f-Ji 1 0 6, i/A'm.&mvsi/Y- 
7'AlAs ±8B«8fc#P©l 1 0 7 <DWc^fiXL/c 0 
[0 05 6 ] «6t»r, bWt 644RH®4MHtiH£tt 
1"A lGaAs/GaAs^ttSJBF-^Bl 1 1 
^atl/c 0 ^sHF-^Bl 1 lfcfcWSffiiSKF-b: 
>^Jgl 1 3iL/til$2 5nm(D>/>F-yGaA s 
S, jKiftffiF-tf>yHl 1 2 ibri5?5 nmODpS 
AlGaAsi (pSF-f >y«fi= 1 * 1 0 19 cm 
" 3 ) ^ffll>/c 0 A 1 GaA s)1CC*j^4A 1 JfiRR» 
3 0%£0fc. C*UC«fcoT, A 1 GaA s/GaA s 

Jttl^r, plGaAsK6^*3^- F-JB 1 0 8 

(pSF-tr>y««= i xi o i8 cm- 3 ) *»iarr 

C0»3^^-H--llO8OlWt *HF-^ 

mmz&&tc&&<Dmm&. 1 / 2 tt»cmflKc«? 

*<fc5K:8BKbfc. *fftK\ -/> F-^A 1 Ga As/ 
GaAs«Cj:4±»©^N»«*»«CCttSSt««l 1 0 

(Dmmtb&mmtctezmimi 1 o<da i Ga a s ji cc 
^SAiTOJio%£ifc 6 -en-e 

ti^fttpr 1 /4 &SJ¥fc:& £ J: 5 Cc L* fc 0 

(S i 0 2 ) Ml 2 O^PClfl, * 
0(0 (a) T>£>& 0 

[0 058] CMv^^Kir, A 1 A s±SBS 
SfcSfc^Jll 0 7<Di£T*^1fx**>y*tT5 (HI 
00(b)). 

[0059] ccr, X7f>y«iirit *fbfc* 

(HBr) :®^{t*^* (H 2 0 2 ) :*(H 2 0)£ 

ecc, >?x^*4 0 o*acanj»-r*ci-c, aias± 

»««$feseJl 1 0 7 CDffflJ®g&# 1 2 1. 1 2 23&SAlx 
OylftliJifc^ffcLfc. cn^CctO, IS^^5/imO 

(c) ) . 

[0 06 0] *©8L SiO 2 I12 0^iSU, *h 
X*f£ifclT. ±apNMI^AIISMtt 1 1 OOWflB*. 

»3*^<-if-jf l o 8ilLb*rx^^>y«:ri»*u 

/c(01OO(d)) 8 

[0 06 1 ]^ $x -^>^iir(D^ao^(fii±$ 

nztctb. ±&¥m»&mm&*tmi 1 o ii3^- 

tf-Jll 0 8<Dfffl&C, l/4?eSJ?<DT;l/^-^A*fy 
^A^>^^Ai (A 1 Ga I nP) *>6tt£:c. 

#KpfflLLWI«l 0 9 (HI 0© (e) ) , nfflTSP 
Sfil 0 lfcjfclfcl, (1100(f)), ffi»56u — ?f 
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Milt^L/c fl fisa. HlOCD^I-C^, -)x.;hx 
^>^£/8C>/t<Dr v *W^-Wgtt*SH3CCffR%b 

Sfc* F5-fi^>y*fflWCir, H3 

[0 06 2 ] co<fc^ccLrfp«snfcffia*u-if» 

Sagl.3Mm t gffiim^O .1 mArliSJC 
10 ^tiKMiL. IfflllliBOQtAofc. #»W) 
^H#tt«, 3 0GHz{C*Jlr>tt>a»r*o)fc„ 

[0064] 2|cTO^^J:*3fe^^^Att»a^[«*J5> 
liGalnNAsSfflTO^Ci^ €©-B"C* 

20 Mfc«ifiS*c*ft:. 3 etc, s%% 
<»W<DH*(DJg«2 >&*Ji<DnM<D&mm2 t ur, 

fwccoi>rftf*»(ciBfi-r*. «o»R^mia». hi 

[006 5] **-T-«JS©f1*MC«MOC V D&£ffil> 
30 & e CCr, I I I i$OT^~C#>£Ga, I n<EH£$n®<t 
Ur, ^tlf til 8^WD F 'J x^;W; A(T E 
G), h'jy^;M>^A(TMI)4ffiK V«7nS 
-C*5A s©«*6«<bl/r. AsH 3 *iC^ 0 Sfc, 
nlWHiOt^XSiH,), pMWtiL 
tCBr^lt^. N LTK. 
F*^> (DMHy) £<£fflU/c e 

[0 06 6] ft»t 4**ftS«BrS!G a A s (D( 1 0 
0)S(DSS (n&3TOMIft= 1 x 1 0 18 cm" 3 ) 2 
0 2»5, A s H a O«*&TOAs#H^C*5C^rS 

40 ^^su, is^saucfi its±^«A 1 a s 

/G a A s (n^«MK=lxi0 18 cm- 3 )tCj: 
5TW)^IIICft*SI«2 0 3*3 0 JIBJWII 

B-rs. *n-tn*a«**n/4iRjsw 

Ga A sJlCC&S^l ©X^-— F-JB2 0 4, 
/I? 1 0 nm<£>>>> F — ^Ga,., I n 0 . 3 N s . 0 ,As 0 . 
, 6 0#FJS, J¥£ 1 0 nm(Dsy F-^GaA sBll 
^6&S^««#F*gttlB2 0 5*JBJflELfc. #F 
l»3(!:l/c e iW, l/2«fiJW>-/>F-^G 
50 aA smm2Z^-y--m2 0 6, /SS 1 0 nm©^ 
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©G a I nP^5tS«fi2 0 7%0fiRLfc. 

[0 067] «i,vc. ^m^^r^w-r^m-rw^^ 

iS-C&SA 1 GaAs/Ga I nAs/GaAsWft 
S^!HF-:7'Jt2 1 UllOfc. aiSF-7'H2 1 1 
tctettSffi^gF-e^m 1 3£LTJ¥3 5 nm© 
y>K-7'GaAsiiIS5nm0>'>F-^Ga I 

nAsmommm&t o. h--f>yi2i2iL 

rl^5nm®pfA IGaAsfi (pSF-f>^(g 
g= 1 x l 0"cr') *m^tc„ ft. A 1 GaAsl 
Kfei«Al©WB4 0%ilfc„ cntCi^T. £ 10 
iLt Ga I n A s JiftCC 2#?c©IE?L#*fC 

+ > * $ n c ^ o ft^m F - tr > yflti*£ 

6@il9iEOT?»f Oft.„ P IGaAs»3X 
0 8 (pSK-f>^ig= 1 x l 0" c 

m- 3 ) o-mzmm o r . -@ a ©tt&fcKi3i*»T 

[0 0 6 8 ] A^HC^tfJOft^^Ct^tO. t>H 

+-§p^fs©fci*, 1 1 tmmmm2 

0 6£x^>^{tJ;«)l?&*Oft.o 20 

[0 069] c c-c, wz?vx.»*mmgi&.[*ucmA 

0. l/2i£J¥©p3SGaAs!il3;^— ?H12 0 8 
(pSF-tr>fj9R= 1 x 1 0"cm-') £JT5)i£0 
tc, m. T^-^ + -?#(C*sWSK^«l 0 Onmgg 

/c„ S&iC. y > F — 7'A 1 A s /G a A s tc -2»_t0P 
¥*{*£MM£44tt.2 10*2 5g|»§fflJ10. tiJUKfi 

jgS/PKjJc-S.fc^KL.fc. 5&&Lft.^/if&K'}x^K:*J- 

--^Oft-fg. C^vx^KU, ±SB¥^tfc£ll 
JgJ£#t«2 10©M(IJ£. f&3X^— !r-JI2 0 8ii:± 

$t? x^^fcri&SLft:,, fsa. *i^>yii-c 
©#s n z isj± s -a -s fc» . ±si5©*^{*^)iMstt^ 

2 1 0^3X^-^-12 0 8 ©rflK. 1/4&SJ? 
©A 1 Ga I nP*6Wi<yf>W h * :/Jg£a»A 
OT&J:^,, ffi&C <)> Wp«KO±»«S2 09. 
niJ©TSBS@2 0 1 SI-?£ l/-C^Lfc. 

[0070] CCDi^tCO-CffiiStlfcl^b-fg 40 

aw:, utiifcgi .3*m. mmnffio .imA-emuicii 

or^HiSO. SR*aSaO:8Q-C*-9fc. *3R^©^ 
WHM±fct. 3 0 GH z CC*JCvc&&»-C*-3fc. 
[007 1 ]^ i3^-f-12 0 8 ipfflijm@2 
0 9 P^©SMffiK?r(S^-r &ft:tf>CC., fit 3 ^-v-m 
2 0 8(&Kf&«C. CB r,K«ti|gR <C) f)l>$ F- 

tr > y^sfi-r c £ «*r$&-c * £ . 

[o o 7 2 ] jfcjfrf-'fcfflnT. asK^tya-A 

£ffS[Oft:,, X. 09©Ci#*->Xf-A4flteK-rS.C 

£tfc0U ft&cc. jftttfll *>-p. so 
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[0 0 7 3] ?£t!feJI£OTGa I nNA 

•?2>C£1)W%;2>C £tt#5*rfc&l,\, m^t. Ga 
A s S b £'©*m*/Bt,>T , 1.3m m^©M^ 

fci^tc. firiggF-f >^d£ LTA lfflfiS©l«t^A 
lGaAsft £*£ffllMT,«. 1 w mtTF©3fcCC*J- Lttt 
*4 S ftcdtS^ £ tt 0 . ifcg 1 u m «T©ffl»# U — 9 tt 
l»8 , *-4C£fc*Jtt'r*&. Sfc, -Y>i^A$ ( I n 
P) ««±{C*sl»Tfe. 2^7C+-fyT^)St?^-2.m 

»a*iiM«m©«*^b-a*i*titf. isiii©$jm£f# 

[0 074] «_k. SUHSW* & ^tSLttSIB Oft: =fc 
^iOTffl^SiSa^y^-^oWtt^b. lax 

«a»^«©±T*s««rctt^^ais £ £ w o . 
mimmm^mm^mtizmmtK is«B«:*fo-ok¥ 

^©J&^SrWO. tt^^fflGWiJSJfSfl-'fc. i£0 
-c 2 ^7c+ + »; T © 5=- + > * JU^r/T 0 x &m 3 -a- s 

ffi©ra(c^ia f - 7-ii*^A-r s c £ k. j: r^RS3 n 

[0075] 

«*i|saw*u— if«g£«tt-rst£#m*s,, 
m«. i oGb/s^oigiitft^^ii^pj 

[0 076] ^mmWlc <fc 0 «»«bfft>SpJH& 

mil mat. ^^^f-^cmimrmmm 

[02] H2B. ffi«*U— !f*IK©fie*«*5%-r»fffi 
[03] 03«. *KWBOi»*U--!l«IO«*55 
[04] H4«. *BK^B^©ffi|g^u— tf^g©M€r^K 
CH 5 ] H 5 tt. F-7')l©)3ite^*^-r»rffi0 
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[0 6] 06«. xmmaczzg.mh'-^mommt 

[0 8] 08«. **^3.-;U©0>I?:m-r^l0-C* 

So 

[09] 09«. ^>XT-A©pij^-rgiiB§iSiBi0-e* 

[0 1 o ] 0 i oh. ^mmmom^itv— *f&m<om 
&j:m<DWZmT\famm-e&Zo io 

[01 1 ] 01 IB, *t^B£©ffifg*P-1f£|gCDSIJ 
^>Sr^-r»r®0-C$)2» <> 

10 1: TSBUffi. 10 2: *2»&««. 1 0 3 : TSfl 

(D&mm&mm. io4:$ut: -y-n. 105: 

rSttHM^. 1 0 6 : i2^t-t-I, 107 

108 :I3^-^-i, 109:±SPS 

@. 110: ±$n<Dg-mmfxMm. 111: ^isf-? - 

JB. 112: WSSK-f>^Jl. 113: ©iiSF- 
f>^JS, 2 0 1: TSPSffi. 2 0 2: 2 *20 



(11) *5§3 2002-185079 

20 

* o 3 : T^<D^mmmsim. 204 -.mi z^-v-- 

1, 20 5:ffittHfm 206 :H2^-t-I. 
2 0 7 : HSfcifcfffll. 20 8:I3^^-t-I, 2 0 
9 : ±815*®. 2 10: ±SB©=£JlMS*fgi. 211: 

^.mF-ym, 2 1 2 : w«KF-tr>yjH. 213: 

fi»JSK-e>yJl. 30 1 :ffi^U— FSSg. 30 

2 : U— tfigttlHSS. 3 0 3: %%M*, 304 :f£ 
Jft^-fKSllHlSg. 3 0 5: #*5* a --ib-rc -jir~iy±^ 

3 0 6: ^SBHSS, 3 07 : %v r 401:* 
3*(*U— if. 4 0 2: U— 403: ?Hffi£ 
MS, 4 04:^?^, 4 05 :f*f^, 4 0 

6 : %3tm+mm®s&. 407: *t j ;a-^^- 

4 0 8: ^gPIUgS. 409 4'*-. 5 

0 1 : TSB^ffi, 5 0 2: 5 0 3: TSP© 

0-mws.mm, 504 ^lx^-t-i, 505 :ts 

14B«i& 5 0 6: W2 tf-Jl, 5 0 7: 

^B. 5 0 8: *Sit>SAJf . 5 0 9 : SJI3 X-t— !?--lf 
±3511®. 5 10: ±gBSffi. 511: ±SqcD^@MS 
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